The wide bandgap and large exciton binding energy of ZnO may generate new applications in bio-imaging after careful surface modifications. Formation of chemically pure ZnO colloidal nanocrystals with controlled size without unwanted by-products or agglomeration has been the major challenge to fully utilize ZnO's unique properties. In this research, colloidal ZnO nanocrystals were synthesized by a soft chemical method. Particle size and colloidal stability were controlled by capping agents. Influences of the surface modifications on particle size, size distribution and photoluminescence properties were investigated. Pure ZnO showed high intensity UV emission and very low intensity in the visible range, indicating good surface morphology of the ZnO nanoparticles with little surface defects. Transmission electron microscopy (TEM) analysis revealed that the capped crystals were close to spherical shape with single-crystal size about 6 nm. X-ray diffraction (XRD) analyses revealed single-phase ZnO nanoparticles. For bio-imaging, emission in visible wavelength range is preferred. Both TiO 2 and SiO 2 were effective in shifting the emission peak to the visible range with high intensity. Optimum capping thickness is 0.5 nm. ZnO-TiO 2 quantum dots (QDs) showed good bio-imaging capability on plant cells. Quantum yields of the pure ZnO and TiO 2 capped ZnO were measured and compared to commercial fluorescence materials.
Introduction
Research on semiconductor nanocrystals has been expanded tremendously owing to their novel optical, electrical,and catalytic properties during the past decades [1] [2] [3] [4] [5] [6] [7] [8] . The unique optical and electronic properties are due to the quantum confinement effect on the nanometre scale [9] [10] [11] . Advances in the chemical synthesis of highly luminescent semiconductor nanocrystals currently allow their extensive applications in different fields, ranging from optoelectronic to bio-imaging [12] [13] [14] [15] . The most commonly used QDs are Cd-containing core-shell nanocrystals (CdSe, CdTe, CdS, etc.), which are synthesized by an organometallic route in the presence of excess trioctylphosphine oxide (TOPO) at high temperatures (250-300
• C) in a protective (nitrogen) environment [16] [17] [18] . Depending on the applications, surface modifications of semiconductor nanocrystals are required. For example, a water soluble surface is necessary for biological labels. An electron conductive layer is important for solar cells. Functional surface ligands can serve as linkers between the particle and the actual physical environment. In order to apply the Cd-containing nanocrystals in biological labels, efforts have focused on the surface ligand exchange of nanocrystals to transfer the hydrophobic TOPO capping surface to a hydrophilic surface [7, [19] [20] [21] . Another major problem of Cd-containing QDs for in vivo bio-imaging application is their cytotoxicity. It has been reported [22] [23] [24] [25] that surface oxidation can occur under combined exposure to the aqueous/UV-light excitation. This leads to the release of cadmium ions (Cd 2+ ). Under oxidized (30 min exposure to air) or long UV radiation (2-8 h) conditions, even QD concentration of 0.0625 mg ml −1 was found to be highly toxic [26] due to the deterioration of the CdSe lattice. In addition, cytotoxicity was higher if the nanoparticles were ingested by the cell instead of just present in the medium surrounding the cells [25] . These studies indicate a massive influence of surface chemistry of the particles on their cytotoxicity behaviour.
Zinc oxide (ZnO) is a versatile semiconductor material that has a wide bandgap of 3.37 eV and rather large exciton binding energy, which makes the exciton state stable even at room temperature. Zinc is a very important trace element in humans [27] . The average adult body contains 3.0-4.5 × 10 −2 mmol (2-3 g) of zinc, which is found in muscle, bone, skin and plasma. Significant amounts occur in the liver, kidney, prostrate, semen, eyes and hair. Zinc has been found to play an important part in many biological systems. Therefore, ZnO is environmentally friendly and suitable for in vivo bio-imaging and cancer detection.
Zn-based quantum dots are recently being investigated in a much wider scope, from the materials aspects in terms of nanocrystal shapes (wire, rod, cone and spherical), lattice structures, doping and surface modifications [20, [28] [29] [30] to optoelectronic aspects such as luminescence properties, banding energy and bandgap studies [31, 32] . Despite the developments in physical and chemical syntheses processes [33] [34] [35] [36] [37] [38] [39] for ZnO nanoparticles, chemically pure, crystalline, nanosized ZnO with a narrow size distribution without unwanted by-products and pollution to both the products and the environment is still a challenge. Several wetchemical processes have been developed to synthesize ZnO nanocrystals through hydrolysis of zinc salts in polyol media (diethylene glycol or ethylene glycol) and monool solvents, i.e. methanol, ethanol and 2-methoxyethanol [40, 41] . The main issues include the control of high purity, particle shape and size, surface defects and optical properties.
In this study, nanocrystalline ZnO colloids were synthesized by methanol solutions of Zn(Ac) 2 ·2H 2 O at a low temperature under the ambient condition. This process eliminates the addition of basic or acid solutions containing foreign elements, high temperature and complex or vacuum systems. The main advantages of this process are the ability to control the ZnO purity and the use of bio-compatible capping agents, which provide triple functions: (1) to control the particle size by limiting the growth of the particles after the nucleation, (2) to provide a side group on the surface that can be further conjugated to a bio-cell, (3) to eliminate the surface defects which would affect the optical properties of the ZnO nanocrystals. To further improve the photoluminescence (PL) intensity and shift the emission peaks to the visible range as desired by bio-imaging, surface modifications for ZnO using silica and titania by the sol-gel technique were investigated. Capping agent 3-aminopropyl trimethoxysilane (Am) was used since it was the most effective capping agent in our previous study (reported in a separate publication). Crystal and particle sizes were analysed by microscopy, x-ray diffraction and laser scattering (Zetasizer). Photoluminescence measurement and cell conjugation tests were carried out with the synthesized ZnO QDs.
Experimental procedures

Colloidal synthesis and surface modification
Zinc acetate dihydrate, Zn(Ac) 2 ·2H 2 O, was dissolved in methanol in a flask under vigorous stirring in a molar ratio of 0.03:4, and refluxed for 7 h at 68
• C. The solution was then cooled down to room temperature (25 • C) and observed for the appearance of white precipitates. The selected capping agent (Am) was added to the solution at this time (first PPT time) to control the particle growth. Clear solution was observed due to the hydrolysis of Am on the ZnO surface. A second capping was performed when precipitates were observed again (after several hours). After which, the colloidal solution was stable for more than two months.
Separately, a sol-gel solution of silica was prepared by dissolving TEOS in ethanol (EtOH) and DI water (H 2 O). A very small amount of hydrochloric acid (HCl) was added as a catalyst for hydrolysis. The molar ratios of these components were: TEOS:EtOH:H 2 O:HCl = 1:15.4:3:0.04. A similar process was used to prepare the sol-gel solution of titania. Titanium isopropoxide (TIP), EtOH and HCl were mixed first, then water droplets were added into the mixture. The molar ratios of these components were: TIP:EtOH:H 2 O:HCl = 1:108:7:0.5. The amounts of capping agent or sol-gel solution must be precisely controlled as they determine the thickness of the capping layer.
The amount of silica to grow a desired capping thickness for each ZnO sample was calculated as follows: first, the particle size of the ZnO at the first PPT time was estimated from TEM measurement. Second, the volume of a capping layer around the spherical particle with uniform thickness is calculated using geometric equations. Next, the total number of ZnO particles in a fixed amount of solution was calculated from the original recipe and the volume lost after reflux. Then, the total solid volume of the silica coating for that number of ZnO particles at the desired thickness was calculated. From this volume, using the density of the silica of 2.3 g cm −3 , and the molecular weight of silica of 60, the number of moles of silica was calculated. Finally, the amount of sol-gel solution to be added was calculated based on the molar concentration of silica in the sol-gel solution. The intended capping thickness was one to two monolayers. For example, we used 0.18 g of TEOS solution in 20 g of ZnO colloidal solution to provide a 0.3 nm capping layer. This layer is about half a monolayer as the unit cell parameters of silica are about or larger than 0.5 nm. The amount of TiO 2 material to be used for a capping layer was calculated using the same method. The amount of Am for capping a monolayer is simply calculated based on two molecules on a surface area of 1 nm 2 .
Analysis and measurement
Field emission scanning electron microscopy (FESEM) (JEOL JSM-6340F) was used for particle shape and size analyses. A sample was prepared from each of the colloidal solutions synthesized after the capping agent was added. A drop of the solution was withdrawn by a pipette and spread onto an aluminium round disc which was mounted onto the FESEM sample holder. The coated samples were dried in an oven at 60
• C for 1 h before analyses. Particle size in solution was measured by a Malvern Zetasizer Nano ZS, which is equipped with a 4 mW 633 nm laser. The initial particle size and crystal size were determined by the analysis by transmission electron microscope (TEM) (JEOL 2010). White powder was collected by washing the colloidal solution with ethanol using centrifugation at 10 000 rpm for 10 min. for three times. The collected precipitate was dried at 60
• C in ambient atmosphere for 1 day. Crystal structure identification and crystal size analysis were carried out by x-ray diffraction (XRD) and Rietveld simulation. Photoluminescence (PL) spectra were measured at room temperature on both the colloidal solution and coated glass slides. A glass slide sample was prepared by dipping the glass into the selected colloidal solution and withdrawing it at a constant speed of 5 in. min −1 . It was then dried in an oven at 60
• C for 1 h. A single-phonon counting spectrofluorometer (Fluorolog-3 Jobin Yvon Horiba) was used to measure the PL spectra, under the excitations at either 350 or 488 nm wavelength. A confocal scanning laser microscopy (CSLM) was used to detect the second-order PL emission from the bio-cells. UV-vis absorbance spectra of the QDs were measured by the SHIMADZU UV-3101PC UV-vis-NIR scanning spectrophotometer. Figure 1 shows the FESEM images of (a) uncapped, (b) Am capped, (c) SiO 2 coated and (d) TiO 2 coated ZnO nanoparticles, under 100 000 magnifications. All the capped samples were prepared a day after the first PPT and capping agents were introduced. Under the same magnification, the particle size of uncapped ZnO is in the range of 50-100 nm with a few agglomerated particles larger than 200 nm. Those capped ZnO particles are much smaller. Am-capped ZnO particles are about 20 nm and uniformly distributed. SiO 2 coated ZnO particles are also about 20 nm, but unlike Amcapped, they are slightly coagulated, which may be caused by the sample preparation process (a large droplet of colloidal solution was applied on a spot of the flat surface). TiO 2 capped particles are about 50 nm with slight coagulation due to the same reason of SiO 2 coated ZnO. It must be noted that all the particles observed under FESEM are agglomerated particles, which could contain several crystals, due to the method of sample preparation. The shape and size of individual crystals are best seen by TEM. Figure 2 shows the TEM images of Am-capped ZnO. Particles containing single crystal or multi-crystal can be observed in the low magnification image (figure 2(a)). The single crystals are the original synthesized ZnO, while the multi-crystal particles are due to the agglomeration before the crystals are effectively capped. After the capping agent was introduced, further agglomeration was prevented; therefore, the particles were separated and remained stable, as seen in this figure. Under higher magnification ( figure 2(b) ), the size of the single crystal is found to be about 6 nm and close to a spherical shape. The agglomerated particle size is in the range of 10-20 nm, which is in line with the estimated size by FESEM. This confirmed that the capping was effective to Figure 3 shows the particle size distribution measured by Malvern Zetasizer Nano ZS on the Am-capped ZnO colloidal solution after 3 weeks' storage without further dilution. The average size is 60 nm; 80% of the particles are between 40 and 70 nm. This indicates a reasonable narrow size distribution and a stable colloidal solution. Comparing to the results obtained from FESEM, the Zetasizer showed slightly larger particle sizes. The larger size may be linked to the TEM image of figure 2(a), where some larger clusters could be observed. It must be noted that the particle size determined by the Zetasizer is the hydrodynamic diameter, which is detected by the scattered laser light and influenced by the viscosity and concentration of the solution [42] . Clusters containing several particles may be detected as one particle by the light. Therefore, Zetasizer is only used as a tool to monitor the size changes in this study. Figure 4 shows the XRD patterns of uncapped ZnO powders collected 1 day (a) and 7 days (b) after the reflux reaction had been stopped. Both (a) and (b) possess the characteristic peaks of ZnO polycrystalline hexagonal wurtzite structure, and were confirmed as being single-phase ZnO. The low and wide peaks of (a) indicate smaller crystal size, while the high and narrow peaks of (b) indicate larger crystal size. Rietveld simulation based on the Scherrer equation [20, 41] showed crystal size of 30 nm (a) and 110 nm (b), respectively, which was expected since no capping was performed, and particle growth was expected. Am, SiO 2 and TiO 2 capped particles were also analysed on XRD patterns. Figure 4 (c) shows the spectrum of TiO 2 capped ZnO. Besides the ZnO characteristic peaks, there are several peaks that are identified as a combination of TiO 2 tetragonal (rutile) and orthorhombic (brookite) structures. SiO 2 capped ZnO showed some widening of peaks in the XRD spectrum (not shown in this paper), indicating some amorphous phases from the SiO 2 . Am-capped ZnO did not show obvious additional peaks to the ZnO peaks, which may be due to the too small amount of capping agent (only a monolayer of Am was added).
Results and discussion
Particle size and structure characterization
Optical properties
Microscope glass slide samples were prepared by dip coating the slide with synthesized colloidal solution then dried in the oven at 60
• C for 1 h. Photoluminescence spectra were measured on these glass slides with excitation source at 350 nm. Figure 5 shows the photoluminescence spectra of the pure ZnO, pure SiO 2 and SiO 2 capped ZnO nanoparticles with capping thickness of 0.3 nm, 0.5 nm and 1.0 nm, respectively. The original ZnO nanocrystal without capping layer showed emission at 380 nm, corresponding to the bandgap (3.3 eV) of pure ZnO. Pure SiO 2 shows emission at 410 nm (3.03 eV).
SiO 2 capped ZnO shows high and broad emission at 550 nm and lower emission at UV range. The 0.5 nm capping thickness showed the highest intensity at both visible and UV emissions. The photoluminescence of porous amorphous silica (a-SiO 2 ) has been studied extensively due to its applications as the host material for photonics. The photosensitivity of a-SiO 2 is closely related to the nature of intrinsic point defects and their transformation during UV irradiation [43] . Luminescence bands at 1.9, 2.2, 2.7 and 4.3 eV were identified for the bulk aSiO 2 [44] . When used with ZnO nanoparticles, a composite material emitting colours from blue 460 nm up to yellowgreen 550 nm was made [45] . The glass slides used in our samples, together with the silica capping material, may form a similar matrix of a-SiO 2 for ZnO nanocrystals resulting in green emission from the point defects. Yang et al [46] reported similar PL emission spectra in their study on ZnO nanocrystal infiltrated into SiO 2 opal photonic crystals. They used the same dip coating process to prepare the SiO 2 film on a glass slide first, and then immersed the SiO 2 film into ZnO/ethanol suspension. They found that the green emission was related to the spherical size of the SiO 2 microsphere structure, which caused multiple scattering of excitation light at the disorders of the SiO 2 matrix. This mechanism may not be valid in our case, since the film contained very few ZnO nanocrystals in the SiO 2 spheres (diameter 200-300 nm) array, which was not observed in our coating. Kanemitsu et al [47] built a model for Si/SiO 2 core-shell nanocrystal, and believed that excitons were confined on a spherical shell. The interfacial layer enhanced the oscillator strength and the PL intensity. Other researchers reported the dependence of luminescence intensity on the process conditions (temperature, ageing time, etc.) [31, 48] . These are related to the green emission from the ZnO itself, which was due to the surface defects of oxygen vacancies and zinc defects (dangling bonds). A photogenerated electron in the conduction band gets trapped at the surface and recombines with the surface-trapped hole resulting in the nonradiative recombination.
In this case, the emission intensity in the UV range was reduced due to the poor quality of ZnO nanocrystals [41, 49] , while the emission in green wavelength is increased. This is similar to our case. In addition, we used strong acid (hydrochloric acid) in the coating process, which may increase the deep-trapped oxygen vacancies, resulting in enhanced photoluminescence in the longer wavelength. Another reason for the emission in longer wavelength could be the excess -OH sites in our sol-gel coating (not fully condensed due to lack of a thermal curing process), which also induce emission at visible range as observed by Nishikawa et al [50] and Zhao et al [51] on low −OH oxygen-deficient silica. Figure 6 displays the photoluminescence spectra of the pure ZnO, pure TiO 2 and TiO 2 capped ZnO nanoparticles with capping thickness of 0.3 nm, 0.5 nm and 1.0 nm, respectively. The pure TiO 2 shows high emission at 390 nm, corresponding to its bandgap of 3.18 eV (anatase structure), which is very close to the emission of ZnO. All the TiO 2 capped nanoparticles show much higher emission at visible wavelength of 520-590 nm than the original ZnO UV emission, besides a lower emission at 410 nm. In the same principle of silica, acid-hydrolyzed TIP coating process increases the transition of photogenerated electron from a shallow level to a deeply trapped hole resulting in trap emission in a longer wavelength. TiO 2 has been used as host material to make photoluminescence thin films [52] [53] [54] , but not as much investigated as SiO 2 . TiO 2 has high refractive index and Merino et al [52] reported a high intensity of emission for TiO 2 :Eu 3+ ; its anatase crystal structure has a special photocatalytic effect. Therefore, it is more complex than SiO 2 . Merino et al films deposited on Si due to the reflected light of the PL signal at the TiO 2 /Si interface.
From both figures 5 and 6, it is observed that the highest visible emission is from the capping thickness of 0.5 nm, which is about a monolayer of SiO 2 or TiO 2 . The reason may be that one monolayer of capping material is enough to generate a single layer of surface defects on ZnO resulting in deep-trap emission [55] . Less capping agent results in less deep-trap emission, therefore, lower in emission intensity in the visible wavelength. When more capping solutions are added, the excess Si-OH and Ti-OH in sol-gel solution could condense together to form a passivation layer on the ZnO surface or condense with the -OH groups on the ZnO surface, which reduces the surface defects and lowers the emission in longer wavelength. For ZnO/TiO 2 , the high refractive index of TiO 2 may also contribute to the high intensity of emission as well. Our optimum capping thickness of 0.5 nm is close to the results of other studies. Dabbousi et al [56] observed the optimum shell thickness of 0.4 nm (1.3 monolayers) on CdSe/ZnS core-shell nanocrystal, as well as a redshift and broadening at visible wavelength. Peng et al [57] found the highest quantum yield at shell thickness of 1.1 nm (3 monolayers) on CdSe/CdS core-shell nanocrystal, while Shan et al [58] found a maximum quantum yield at about 1.35 nm (5.2 monolayers) on CdSe/ZnO.
Bio-imaging tests
In order to use the synthesized colloidal solutions for in vivo bio-cell labelling, the colloids were placed in a quartz cuvette and their emission spectra were obtained by excitation at 488 nm. This wavelength is used by the confocal scanning laser microscopy (CSLM) to detect the second-order PL emission from the cells. Figure 7 shows the spectra of Amcapped and TiO 2 capped ZnO colloids. The intensity at the peak emission wavelength of 570 nm for Am-capped ZnO is about 45 000 au, while the intensity for the TiO 2 capped ZnO at 540 nm peak is about 1700 000 au. Meantime, the TiO 2 -capped ZnO has another emission peak at 570 nm.
The experimental procedures of seedlings, adding QDs and measuring the fluorescence are described below: 45 mung bean (Vigna radiate) seeds were germinated in 3 containers (named A, B and C), each with 15 seeds. Seeds in A were germinated in water-soaked filter paper as a control group. Seeds in B and C were germinated in water and a small amount (about 2 ml) of the Am-capped and TiO 2 capped ZnO colloids were added to the roots area of the shoots in B and C, respectively, on day 3. 500 g mass was placed over each container to apply a pressure to the growing seedlings so as to obtain shoots that were thicker and easier for cross-section. On day 3, cross-sections were made at root-shoot junctions after 4, 6 and 24 h of dropping the ZnO colloids. The control group shoots were also cut on cross-sections in the same way at the same time. Then the fluorescence emissions of the crosssections of all the seedlings were tested under the CSLM. In this paper, the fluorescence emission patterns of the control group and TiO 2 -ZnO seeds cut after 24 h of adding the QDs are shown in figure 8 . The same phenomena were observed for 4 and 6 h, only the intensities of fluorescence emission were slightly lower.
For easy observation of the emission results, four channels are set in the CSLM: channel 1 represents the emissions in wavelength from 500 to 550 nm, and is given a green colour, channel 2 represents the emissions in wavelength range from 550 to 650 nm and is given a red colour, channel 3 is the transmission light, channel 4 is the overlay of channels 1-3. Under this definition, the emission wavelength of 570 nm from TiO 2 -ZnO should be in the red channel. Since no obvious fluorescence was detected from the Am-ZnO added seedlings, only the emission patterns of the cross-section of the control group seedling (a) and TiO 2 -ZnO added seedlings (b) are shown (figure 8). Comparing channels 2 and 4 of the two groups, a visibly significant fluorescence, particularly in the area of the vascular cylinder, from (b) can be observed. As the arrow indicated, cell walls in the vascular cylinder area could clearly be observed due to the higher fluorescence emission. This indicates an uptake of the TiO 2 -ZnO QDs by the seedling, especially by the cells inside the vascular cylinder, while no change was observed from the control group seedling.
The above experiments were repeated two more times. A statistical analysis on the intensity difference between the (a) and (b) images was performed by taking 60 random rectangles of 2256 pixels on each channel, collecting the mean intensity and mean energy values captured by the CSLM. Table 2 shows the summary of the mean intensity and mean energy values of 60 random samples for 3 different channels (values in bracket are the standard deviations). From these results, except for the transmission channel, the mean emission intensities and energies for cross-sections of normal seedling are significantly lower than the corresponding values of TiO 2 -ZnO added seedling. TiO 2 -ZnO added seedlings have higher contribution in the red channel than in the green channel. The emission intensity is 18 times of the normal seedlings and energy level is 37 times of the normal seedlings. The autofluorescence of the cells was above 600 nm, and not so strong as shown in figure 8(a) .
Comparison to standard fluorescence materials
In order to evaluate the quantum efficiency of the synthesized QDs, we measured their quantum yields and compared them The absorbance values at the excitation wavelength of all the solutions were recorded by UV-vis-NIR scanning spectrophotometer. PL emission spectra of all the solutions were measured by the fluorolog-3 spectrofluorometer under excitation wavelength of 350 nm. The integrated PL intensity is the area under the PL curve in the wavelength range from 370 to 600 nm. A graph is plotted using the integrated PL intensity against the absorbance as shown in figure 9 . A trend line was added for each curve with intercept at zero, from which the gradient of each curve was obtained. The equation to calculate the quantum yield of a test sample relative to a standard sample is presented as [60] : We noticed higher PL emission under UV excitation from TiO 2 capped ZnO than the pure ZnO (shown in figure 10 ). However, due to the higher absorbance of this QD, the total quantum yield is lower than the pure ZnO. This may be related to the capping mechanism, where the capping agent creates surface defects, which lower the quantum efficiency, but modify the bandgap to give emission at longer wavelength. The emission peaks at 380-400 nm of the TiO 2 capped ZnO are more pronounced (redshift) when excited at 488 nm as shown in figure 7 . Both uncapped and capped ZnO QDs possess higher quantum yield than the fluorescein standard material, and therefore are useful in bio-imaging applications, as proven by the mung bean tests described in section 3.3. After a UV source is installed in the spectrofluorometer, bio-imaging under UV excitation will be tested.
It is hoped that by being able to produce chemically pure ZnO nanocrystals, unwanted negative reactions when interacted with live cells become diminished, thus providing a more accurate image and the possibility of real-time imaging. Investigation and observation of the cytolysis phases in long term should be performed. In cancer-related applications, for example, diagnostic tests, especially high throughput, multiplex analysis of gene and protein expressions can be performed on clinical specimens for more accurate and longerterm biomolecular observations of the cell transformation phases.
Conclusions
Nanocrystalline ZnO colloids were synthesized from methanol and zinc acetate dihydrate at 68
• C in ambient condition. Capping agent 3-aminopropyl trimethoxysilane (Am) effectively capped the ZnO particles at the onset of precipitation, so that small particle size (10-20 nm), good surface quality and high colloidal stability were achieved. Using sol-gel technology, SiO 2 and TiO 2 capping layers were applied onto the ZnO surface with covalent bonds and controlled capping thickness. The optimum capping thickness for both SiO 2 and TiO 2 was 0.5 nm, which provided suitable surface modifications resulting in high PL emission in the visible range. The TiO 2 capped ZnO nanocrystal colloids showed good bio-imaging capability on plant cells without the use of specially engineered domains. The quantum yields of uncapped ZnO and TiO 2 capped ZnO were higher than the fluorescein standard material, and therefore, are useful in bio-imaging applications.
